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A B S T R A C T
Functional groups of phytoplankton make possible various classiﬁcations among taxa and this approach
has been receiving a growing scientiﬁc interest. We compared three frequently used classiﬁcations as
possible ecological tools in providing river zones along the large, Continental Atlantic River Loire. The
different number of functional groups in each classiﬁcation was synchronized into six clusters using the
Self Organizing Map (SOM) method, which clusters (as river zones where relevant) were then compared
in their response to geographical location, hydrological and chemical constraints.
Our ﬁndings demonstrated that all the three classiﬁcations might serve as a rational tool, but at different
level of understanding. Only approaches based on ﬁne functional resolution in benthic and planctonic
diatoms, as well as in cyanobacteria were able to provide reliable river zones at both whole river, and at
spatio-temporal scales. Functional groups of these approaches followed different regional patterns in
geographical, physical and chemical constraints, and were useful ecological indicators of natural river
longitudinal processes, as well as of human impacts such as damming or agriculture.
ã 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Upper parts of streams are basically heterotrophic ecosystems
where decomposition of allochthonous sources dominates over
autotrophic production (Lampert and Sommer, 2007; Üveges and
Padisák, 2012). Signiﬁcant autotrophic primary production is
expected to occur only in large rivers (Thorp and Delong, 1994) and
it is limited to middle river sections, or to lowland areas of high
river orders, presuming favourable conditions for phytoplankton
growth (Reynolds and Descy, 1996).
Theoretical concepts have been developed to understand
longitudinal patterns of various biotic (Huet, 1959; Vannote
et al., 1980) and abiotic (Newbold et al., 1981) parameters along
rivers, but longitudinal changes of river phytoplankton composi-
tion have been scarcely studied (Lampert and Sommer, 2007).* Corresponding author at: Bi-Eau, 15 rue Lainé-Laroche, 49000 Angers, France.
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1470-160X/ã 2014 The Authors. Published by Elsevier Ltd. This is an open access article unWhile biological processes might change continuously along rivers
(Vannote et al., 1980), the ‘Riverine Ecosystem Synthesis Model’
(Thorp et al., 2006) presumes the existence of functionally
different river zones based on hydro-morphological and geo-
morphological differences. Thus, based on these longitudinal
distinctions, the model predicts the existence of different river
zones reﬂected by the corresponding composition of biota.
Here, the authors propose the use of phytoplankton functional
groups to test their success in determining river zones by
compositional changes in potamoplankton along the River Loire.
Three functional approaches gained considerable scientiﬁc interest
in recent years (Salmaso et al., 2012): phytoplankton functional
groups—FGs (Reynolds et al., 2002), the morpho-functional
classiﬁcation—MFG (Salmaso and Padisák, 2007), and the mor-
phology-based functional classiﬁcation—MBFG (Kruk et al., 2010).
While the MBFG classiﬁcation has been proposed as a simple tool
for water quality management, FGs have been already used to
develop water quality indices for lakes (Padisák et al., 2006) and for
rivers (Borics et al., 2007). Most of the recent publications test only
one of these classiﬁcations, but some comparative analyses already
provide results for reservoirs (Hu et al., 2013), ﬂoodplain lakes
(Izaguirre et al., 2012) and river ecosystems (Stankovic et al., 2012).der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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monitoring (WFD, 2000) has led to the development of new
assessment methods for lake phytoplankton (Reynolds, 2005;
Padisák et al., 2006) and for benthic diatoms (Stenger-Kovács et al.,
2007; Kelly et al., 2009; Jüttner et al., 2012). However, ecoregional
differences still pose a major challenge in their application at large
spatial scale (Tison et al., 2005; Beltrami et al., 2012; Várbíró et al.,
2012). Even if the WFD requires the monitoring of river
phytoplankton and accordingly, new assessment methods have
been developed (Borics et al., 2007; Mischke et al., 2011), at the
moment, potamoplankton is not included speciﬁcally to assess
ecological status in rivers.
Former Loire phytoplankton studies were mainly focused on
water quality issues, and they were restricted to analyses the
inﬂuence of upstream dams (Michard et al., 1996; Bonnet and
Poulin, 2002; Latour et al., 2004), and of nuclear power plants
in the middle Loire (Lair and Reyes-Merchant, 1997; Lair et al.,
1999). Longitudinal changes of the phytoplankton, however,
were considered only in a few publications. Leitão and Lepretre
(1998) described some topographical relationships of potamo-
plankton composition along 6 stations in the Loire. Recently,
Descy et al. (2011) concluded similar functioning of controlling
factors on potamoplankton to those found in other large, but
more regulated Europen rivers. Furthermore, Abonyi et al.
(2012) highlighted that human impacts might be successfully
indicated by the Q(r) compositional index (Borics et al., 2007)
along the Loire; and that besides natural processes, shifts in FGs
are also related to human mediated physical and chemical
impacts.Fig. 1. The River Loire sampling stations, 2009. Besides the Loire catchment (grey area)
basin.The objective of this article is to compare three phytoplankton
functional classiﬁcations (MBFG, MFG, FG) as potential ecological,
and water quality management tools along the River Loire. The
authors use the same dataset presented by Abonyi et al. (2012);
and apply the three functional systems independently, with the
following speciﬁc questions:
(i) How these classiﬁcations display river zones, reﬂected by the
correspondent morphological, morpho-functional, and func-
tional composition of potamoplankton?
(ii) Which relationships can be found between these river zones
and basic regional differences in geography, climate and
hydro-ecoregions along the River Loire?
(iii) How the identiﬁed river zones (if relevant) are able to follow
the main chemical characteristics in the River Loire?
2. Material and methods
2.1. Study area
The Loire catchment occupies almost 20% of France
(117,045 km2), and is the largest among the Continental Atlantic
rivers. The Loire drainage area still involves several exceptional
habitats and its ﬂow regime still remains relatively unaffected
when compared to other large European rivers (Descy et al.,
2011). Along its course, water discharge is mostly inﬂuenced by
two main tributaries: the River Allier and the River Cher (Fig 1),
while in the whole Loire basin three main ecoregions can be, ﬁgure also indicates hydro-ecoregions according to Wasson et al., 2004 along the
1
Osur Mesures de la qualité des eaux de surface, Agence de l'eau Loire-Bretagne.
http://osur.eauloire-bretagne.fr/exportosur/Accueil, (accessed 12/11/2010).
2
Banque Hydro. eaufrance, Ministère de l'Ecologie et du Développement Durable
2007. http://www.hydro.eaufrance.fr/, (accessed 07/04/2011).
Fig. 2. Geographical and physical gradients of the River Loire along the sampling
stations, 2009 (a) elevation levels ( symbol) and its speciﬁc change (+ symbol) (b)
catchment area (dotted line) and year average of catchment area speciﬁc discharge
(^ symbol) in L km2 s1.
A. Abonyi et al. / Ecological Indicators 46 (2014) 11–22 13delimited: (i) the ‘Massif Central’ until the River Allier inﬂow;
(ii) ‘Tables Calcaires’ until the River Maine tributary near to the
city of Angers, and (iii) ‘Massif Armoricain’ further downstream
along the river (Wasson, 1996). Due to elevation differences,
geographical constraints change continuously along the river.
However, the discharge of the two main inﬂows results in
considerable changes in hydrology, representing the two major
sub-basins of the Loire catchment (Fig 2). These hydrological
changes coincide with main shifts of climate regions (southern
oceanic/humid mountain to temperate oceanic), furthermore,
support further divisions into six main hydro-ecoregions
(Wasson et al., 2004), nominated by the corresponding
composition in lithology (Table 1).
Besides the natural gradient, the most relevant human
pressures in the Loire catchment is land use with 30% of arable
area (Minaudo et al., 2014), up to 70% including all agriculture
activities (Oudin et al., 2009). Furthermore, the Loire ﬂow regime is
altered by two large dams in the upper river section: Grangent
(Salençon, 2004) and Villerest (Bonnet et al., 2000). The pressure
on water resources is further intensiﬁed by higher habitat density
up to 150 hab  km2 in the upper Loire (Minaudo et al., 2014), and
by water supply to ﬁve large cities (>100,000 people) and four
nuclear power plants (Oudin et al., 2009) along the river.
2.2. Sampling stations
Nineteen sampling stations were involved in this study,
designated between Malvalette (st. 1) and Montjean (st. 19) cities,
thereby excluding the real river source and the lowermost
downstream river section submitted to tidal inﬂuence of the
Atlantic Ocean. Station names are converted into station numbers
from upstream towards downstream (Fig 1), and are similar to
those provided by Abonyi et al. (2012).
2.3. Phytoplankton analyses
Phytoplankton was sampled once a month between March
and November, 2009, as part of the regular water quality
monitoring conducted by the Loire-Bretagne Water Authority
(France). Samples were taken from the thalweg using a bucket,
then ﬁxed in situ by acidiﬁed Lugol’s solution, and transported to
the Bi-Eau Consultancy for analyses. The Utermöhl (1958)
method was used to quantify phytoplankton, performed with
an inverted microscope (Olympus CK2) using 10 and 40objectives. The counting unit was individum (unicell, coenobium,
ﬁlament or colony). In each sample, at least 400 sedimentation
units were counted (Lund et al., 1958). During the count,
transects were used in most of the cases, except spring centric
diatoms’ peak, when ﬁelds were preferred instead of sample
dilution. The biomass was determined by speciﬁc biovolume,
where the dimensions of each taxon were based on multiple
measurements from Loire populations. Geometric forms were
approximated according to Lund and Talling (1957) and Rott
(1981). Biomass was expressed in fresh weight by the equation:
1 mm3L1 = 1 mg L1 (Holmes et al., 1969). Floras for species
identiﬁcation were similar to those already cited in Abonyi et al.
(2012). Phytoplankton taxa were classiﬁed into FGs according to
Reynolds et al. (2002), Borics et al. (2007) and Padisák et al.
(2009) into MFGs using proposals of Salmaso and Padisák (2007)
and into MBFGs applying Kruk et al. (2010).
2.4. Geographical, chemical and hydrological data
Geographical and chemical parameters were provided by the
ofﬁcial water quality website of ‘OSUR’1, while daily discharge
values were used as monthly averages, available at ‘Banque
Hydro’2. Month average of speciﬁc discharge (L km2 s1) was used
to characterize hydrological differences according to catchment
size at each sampling station. The distribution of essential
phytoplankton nutrients was characterized using molar ratios of
total nitrogen to total phosphorus; and soluble reactive silica –
‘SRSi’ to total phosphorus (N:P and Si:P further in the text). Total
nitrogen was determined by the sum of nitrate-N, nitrite-N and
Kjeldahl-N; while TP and SRSi contents were directly obtained
from the data set.
2.5. Statistical analyses
In order to preserve both spatial and temporal variation of data,
the Self Organizing Map (SOM) method was used in MATLABTM.
While conventional methods might distortion along non-linear
relationships (Giraudel and Lek, 2001), SOM is stated to be useful
for exploratory data analysis in a multidimensional scale
(Shanmuganathan et al., 2006). The SOM method has been already
used successfully in potamoplankton ecology (Várbíró et al., 2007;
Stankovic et al., 2012); in ﬁsh zonation (Lasne et al., 2007); as well
as in diatom research at large spatial scales (Rimet et al., 2004; Park
et al., 2006; Stenger-Kovács et al., 2014).
The data matrix contained 170 samples and 56 variables (7
MBFGs, 25 MFGs, and 24 FGs). In the ﬁrst selection phase of
SOM, the weights of the output layer were assigned randomly.
Then, after random choose of a sample, the best matching unit
(BMU) was selected by Euclidean distance (ranged between 0.5
and 1.0) between the input and output layer weights, using the
Ward algorithm. The selection of the BMUs was based on
normalized values of relative biomass of each functional group
in each classiﬁcation. After the learning phase, a hexagon map
was obtained with hexagon subsets of the weight/coda
compositions for each classiﬁcation (see Appendix 1). These
ﬁnal hexagon maps visualized the component planes (CPs),
where each CP represented the supplied variables by the SOM
algorithm.
Table 1
Hydro-ecoregions along sampling stations in the River Loire according to Wasson et al., 2004; and the corresponding characteristics of geography, climate, and lithology.
St. Hydro-ecoregion Relief Geology Climate Region
1 MC-Massif Central Mountain Granite/metamorph Mountain humid Mountain
2 DS-Depressions sedimentaries Flat Detrital Southern oceanic Mountain
3 MC-Massif Central Mountain Granite/metamorph Mountain humid Hilly
4 DS-Depressions sedimentaries Flat Detrital Southern oceanic Hilly
5 DS-Depressions sedimentaries Flat Detrital Southern oceanic Hilly
6 MC-Massif Central nord Mountain Granite/metamorph Temperate oceanic Hilly
7 DS-Depressions sedimentaries Flat Detrital Southern oceanic Lowland
8 CC-Cotes calcaires est. Broken Limestome/
sedimentary
Temperate oceanic Lowland
9 DS-Depressions sedimentaries Flat Detrital Southern oceanic Lowland
10 TC-Tables calcaires Flat Limestome/
sedimentary
Temperate oceanic Lowland
11 TC-Tables calcaires Flat Limestome/
sedimentary
Temperate oceanic Lowland
12 DA-Depots argilosableux Flat Detrital Temperate oceanic Lowland
13 DA-Depots argilosableux Flat Detrital Temperate oceanic Lowland
14 DA-Depots argilosableux Flat Detrital Temperate oceanic Lowland
15 TC-Tables calcaires Flat Limestome/
sedimentary
Temperate oceanic Lowland
16 TC-Tables calcaires Flat Limestome/
sedimentary
Temperate oceanic Lowland
17 TC-Tables calcaires Flat Limestome/
sedimentary
Temperate oceanic Lowland
18 TC-Tables calcaires Flat Limestome/
sedimentary
Temperate oceanic Lowland
19 AR-Armoricain Flat Granite/metamorph Temperate oceanic Lowland
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3.1. SOM clusters based on the three functional classiﬁcations
Using the best matching units of SOM, six sample clusters were
created for each classiﬁcation (First letters of clusters refer the ﬁrst
author of original papers describing approaches). Based on the
MBFGs, most samples (76) were placed in cluster 6 (K6 further in the
text) containing samples with diatom dominance (GVI of MBFGs).
Another large SOM cluster, (K4) contained 45 samples, without any
clearrelationto oneormoreMBFGs. Thesmallest samplecluster (K2)
was separated by the dominance of large ﬁlaments with aerotops—
GIII and large mucilaginous colonies—GVII.
Applying the SOM for MFG data, three main functional clusters
can be distinguished (i) cluster S4, dominated by small centrics,Table 2
Characteristic taxa of the SOM clusters based on functional approaches of MBFGs (Kruk et
et al., 2007),(Padisák et al., 2009). Numbers – ‘n ’ indicate the number of samples involve
the given cluster.
SOM cluster Representative taxa 
K1 Dinobryon, Chrysococcus, Scenedesmus, Coelastrum 
K2 Anabaena, Planktothrix, Microcystis, Aphanocapsa 
K3 Plagioselmis, Chlamydomonas, Trachelomonas, Euglena 
K4 Chlorococcalean greens, diatoms 
K5 Monoraphidium, Scenedesmus, Chrysococcus 
K6 Diatoms 
S1 Plagioselmis, Aulacoseria, Cyclotella, Stephanodiscus 
S2 Plankthorix, Microcystis, Anabaena, Euglena, Stephanodiscus 
S3 Eudorina, Volvulina, Synechococcus, 
S4 Unicelled centrics, Chlamydomonas, Dinobryon 
S5 Navicula, Nitzschia, 
S6 Scenedesmus, Monoraphidium, Dictyosphaerium, Merismopedia
R1 Navicula, Nitzschia, Eudorina, Volvulina 
R2 Chlamydomonas, Aulacoseira, Plagioselmis, Cyclostephanos 
R3 Nitzschia acicularis, Skeletonema potamos, Stephanodiscus 
R4 Aulacoseira granulata, Fragilaria crotonensis, Planktothrix, Ana
R5 Scenedesmus, Monoraphidium, Dictyosphaerium 
R6 Nitzschia, Navicula, Trachelomonas, Euglena diverse group of ﬂagellates, and unicellular cyanobacteria—7a, 1a,
3a, 4 (ii) S5, by the dominance of large pennate diatoms—6b (iii) S2,
a diverse algal group of euglenoids, ﬁlamentous and chroococca-
lean cyanobacteria, benthic pennate diatoms and ﬁlamentous
conjugatophytes—1c, 5a, 5b, 5c, 7b, 10b, 11c. The smallest
separated cluster, S1, contained only 8 samples, with the
dominance of cryptophytes and large centric diatoms—2d, 6a.
Based on the FGs classiﬁcation, large SOM groups were (i) R6,
containing benthic diatoms—codon TB with euglenoids (coda W1,
W2); (ii) R2, with small ﬂagellates (X2) and mesotrophic centric
diatoms of coda B, C; (iii) R3 with eutrophic diatoms—codon D; (iv)
R5 by the co-occurrence of single celled and mucilaginous
chlorococcalean greens (coda X1, F) with dinophytes of codon
L0. Smaller clusters were separated by the mixture of (i) al., 2010), MFGs (Salmaso and Padisák, 2007), and FGs (Reynolds et al., 2002), (Borics
d in each SOM cluster, while functional groups in brackets indicate slight relation to
Representative functional group n
(GII,G1V) 20
GIII, GVI, (GI) 2
GV 5
(GIV, GVI) 45
GIV, GII, (GI) 22
GVI 76
2d, 6a 8
1a, 2c, 5a, 5b, 5c, 5e, 7b, 9a, 9d, 11c 23
(6a, 3b, 4) 28
7a, 3a, 1a,4 52
6b, (7b) 38
 5d, 8a, 9b, 11a, 11b 21
TB, G 12
B, C, X2, (X1) 39
D 31
baena P, M, H1, K, S1, TC, (TD, X3, Y) 8
J, X1, F, L0 23
TB, TD, W1, W2 57
A. Abonyi et al. / Ecological Indicators 46 (2014) 11–22 15limnophilic meso-eutrophic pennate diatoms (codon P), plank-
tonic cyanobacteria (coda M, S1), and samples containing benthic
ﬁlamentous cyanobacteria (codon TC) in cluster R4; and (ii)
benthic diatoms (TB) together with volvocalean green algae (codon
G) in cluster R1 (for further details, see Table 2).
3.2. Spatio-temporal distribution of SOM clusters
The three functional approaches provided different phyto-
plankton functional zonation based on SOM clusters in the River
Loire. Based on MBFGs (Fig 3a), spring samples along the whole
river, and autumn samples at the upper and middle Loire were
grouped together (cluster K6). During spring and summer, other
SOM clusters showed scattered, discontinuous distribution along
the river, where only the cluster K5 showed considerable spatio-
temporal coherence. It displayed a river zone by all summer
samples at downstream (st.12 to st.19), with some point-like upper
stream appearance.
The SOM clusters of MFGs created river zones at both seasonal
and longitudinal scales (Fig 3b). Spring phytoplankton samples are
gathered together in S4 from station 6 towards downstream.
Additionally, further functional zones are displayed in summer by
(i) cluster S3 in the middle Loire (st. 7 to st. 17); and by S6 at
downstream stations between st.12 and st. 19. Cluster S5 displayed
a distinct river zones at the middle Loire in autumn, but also
contained spring samples from the upper Loire section.
SOM clusters of FGs also showed the presence of functionally
different river zones (Fig 3c). The upper river section represented
all of the SOM clusters, but with the prolonged occurrence of
cluster R1, R2 and R6. The cluster R4 was restricted to late summer
occurrence at stations 2 and station 4. In the middle Loire, all
spring samples were gathered together in R3 between st. 6 and st.
19, which cluster then changed to R2 in summer along the whole
section. At the middle to downstream stations in summer (st. 12 to
st. 19), a well deﬁned river zone was created by cluster R5.
Furthermore, R6 disposed a whole river scale functional zone in
autumn, including some spring samples from the upper Loire.
3.3. SOM clusters and the physical environment
Most of the SOM clusters appeared at altitude between 100 and
200 m (a.s.l.) in average (Fig 4a–c). Higher altitude occurrence was
relevant in case of cluster K2, K3 based on MBFGs; and of R1, R4 of
the FG classiﬁcation. Lowland (50 m) distribution occurred in one
cluster of each approaches: K5, S6, and R5.
Speciﬁc discharge differed slightly among SOM clusters
(Fig. 4d–f and occurred 3–4 L km2 s1 in most of the cases.
More elevated values, however, characterized clusters K6, S4, R3
(6 L km2 s1), and R1 (9 L km2 s1). The lowest values in
average occurred 2 km2 s1, and were an attribute of two
clusters in each functional approaches: K2, K5; S2, S6; and R4, R5
Water temperature showed remarkable differences among SOM
clusters (Fig 5a–c). The highest values in average (>20 C) occurred
for cluster K1, K2, and K5 of MBFGs; for S3 and S6 of MFGs; as well as
for R5 of FGs. The lowest temperatures typiﬁed the cluster K6 and
cluster R1. In general, SOM clusters did not differ considerably by
average values of conductivity (200–300 ms cm1). However,
lower values were relevant for two small clusters: K3 and R1.
Clusters with the highest averages were similar to those found at the
highest water temperature K5, S6, and R5 (Fig 5d–f).
3.4. SOM clusters and nutrient ratios
Compared to physical gradients, chemical composition by
nutrient ratios differed weakly among SOM clusters (Fig 6). Most ofthem occurred at N:P ratio between 50 and 100 (Fig 6a–c). Higher
means were r.elevant only for cluster K6; for S2 and S4; as well as
for R3. Lower means (<25) were characteristic only in case of
cluster K2, and R4. The Si:P ratio remained similar (50–100)
among all SOM clusters (Fig 6d–f). The highest (>150) and lowest
(<50) Si:P ratio, however, occurred both in clusters based on the FG
approach: in R1 and R4, respectively.
4. Discussion
4.1. Functional river zones and regional differences
Similarly to other large rivers, most of the longitudinal research
on the River Loire focused on sessile biota like macroinvertebrates
(Guinand et al., 1996; Bacchi, 2000; Usseglio-Polatera et al., 2000),
or on groups characterising river zones like ﬁsh (Lasne et al., 2007;
Bergerot et al., 2008). However, potamoplankton is subjected to
unidirectional transport, and is affected by various constraints
mediated mainly by the physical and geographical characteristics
of the watershed (Reynolds and Descy, 1996). Thus, species
composition of potamoplankton is highly inﬂuenced by seasonal
patterns of hydro-meteorological events in the watershed.
The River Loire crosses three ecoregions and six main hydro-
ecoregions before ﬂowing into the Atlantic Ocean. At the present,
these hydro-ecoregions are described exclusively based on
lithological differences, on account of good agreement between
morphoregions and hydro-ecoregions in the Loire basin (Oudin
et al., 2009). Main shifts, therefore, occur simultaneously in
geography and hydrology; and are also represented in our study.
The shift from mountain to hilly (st. 3 to st. 4), as well as from hilly
to lowland relief (st. 6 to st. 7) co-occur with climatic change from
mountain humid to southern oceanic and further to temperate
oceanic. While hydro-ecoregions of Wasson et al. (2004) alternate
among several types upstream, the main shift from upland to
lowland relief is also reﬂected by change in hydro-ecoregions,
being in good accordance with the main climatic shift at st. 6 to st. 7
as well (see also Fig 1, Fig 3).
Along these regional differences, the MBFG classiﬁcation could
display only one main shift in phytoplankton composition: up- and
downward from station 12 (Jargeau, Middle Loire). Since in this
approach all diatom taxa are grouped together, this separation can
be explained by the dominance transition of diatoms to coccal
green algae. Here, as emphasized by the discrete K5cluster
(similarly to S6 of MFGs and R5 of FGs), the Loire arrives to its
lowermost part, represented by the lowest speciﬁc discharge,
higher water temperature, and higher conductivity, reﬂecting calm
physical conditions with prolonged water residence time. The
absolute summer dominance of green algae is a regular
characteristic of downstream Loire parts (Leitão and Lepretre,
1998; Descy et al., 2011) as well as of other, lowland sections of
rivers like the Danube (Stoyneva, 1994), the River Seine (Garnier
et al., 1995; Leitao and Rouquet, 2002), or the Kielts catchment in
Germany (Wu et al., 2011).
By contrast, both the MFG and FG classiﬁcations indicated
further zonation differences in the upper Loire. Similarity based on
both approaches, river zones with the distinct dominance from
benthic pennates (S5, R1, R6) to planctonic centrics (S4, R3)
followed the geographical and climatic regions from the mountain
to the hilly sites (st.6–st.7). While benthic diatoms frequently
dominate in headwaters (clearly displayed only by cluster R1 of
FGs) sustaining short water residence time (Reynolds and Descy,
1996); centric diatoms are able to predominate only further
downstream in still highly ﬂushed, light limited conditions
(Reynolds, 2006), according to hydrology-determined ﬂow veloci-
ty (Bahnwart et al.,1999), turbidity and suspended solids (Krogstad
and Løvstad, 1989Salmaso and Braioni, 2008). These two
Fig. 3. SOM clusters along the River Loire (2009) based on (a) morphology-based functional groups (b) morpho-functional groups (c) phytoplankton functional groups. Above
abbreviations of hydro-ecoregions are: MC: Massif Central; DS: Depressions Sedimentaires; CC: Cotes Calcaires; TC: Tables Calcaires; DA: Depots Argilosableux; AR:
Armoricain. Beneath abbreviations are: G: Grangent dam; V: Villerest dam; A: River Allier; and C: River Cher.
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Fig. 4. Mean values  SE of altitude (m, a.s.l.) and catchment area speciﬁc discharge (L km2 s1) in SOM clusters based on (a, d) MBFGs; (b, e) MFGs; and (c, f) FGs.
Fig. 5. Mean values  SE of water temperature (C) and conductivity (mS cm1) in SOM clusters based on (a, d) MBFGs; (b, e) MFGs; and (c, f) FGs.
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Fig. 6. Mean values  SE of N:P and Si:P (based on mmol L1) in SOM clusters based on (a, d) MBFGs; (b, e) MFGs; and (c, f) FGs.
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lowland Loire by S4 ! S3 and R3 ! R2 towards the same
downstream conditions (S6, R5), described for cluster K5 of
MBFGs. Centric diatoms, in middle river sections are the most
common potamoplankton taxa in rivers (Holmes and Whitton,
1981; Salmaso and Zignin, 2010), where their size might matter
regarding both nutrient and physical conditions. The most
abundant, bloom forming taxa of recent years in the Loire could
not be identiﬁed at species level, owing to the very small size (3–
4 mm) and scarce ornamentation under both light and SE
microscope. However, during the spring to summer bloom, a very
diverse assemblage may coexist (Stephanodiscus hantzschii, Dis-
costella pseudostelligera, Cyclotella meneghiniana, Cyclostephanos
dubius, C. invisitatus with small-celled ones like Cyclotella atomus
or its var. gracilis). Small-sized algae might occur owing to the
accelerated rate of valve multiplication (Jewson, 1992), thus
reﬂecting favourable conditions to growth; or, small-sized species
dominate according to competitiveness by more efﬁcient nutrient
uptake due to their high surface area to volume ratio (Reynolds,
2006). Additionally, small cell size might provide competitive
advantage against sedimentation (Sommer, 1988), being one of the
most relevant reasons for cell loss in shallows of the Loire lowland
(Descy et al., 2011). Consequently, S4contained the dominance of
smaller celled centrics (7a), while the FG classiﬁcation could
display this river zone only by the mixture of cluster R2 and R3,
containing taxa independently of cell size. Besides the intermedi-
ate speciﬁc discharge, further physical parameters such as higher
water temperature (Winder et al., 2009; Yvon-Durocher et al.,
2011) might also effect the centric diatom size structure in these
middle Loire conditions.
Physical properties might also explain the discrete position of
clusters K2 and R4 upstreams. In these cases, low speciﬁc discharge
and higher water temperature co-occur at higher altitude; andcomposition is governed by limnophilic pennates (codon P) and
cyanobacteria (coda M, H1, K, S1). As already presented in Abonyi
et al. (2012) these potamoplankton compositions are relevant
ecological indicators of dams’ functioning such as prolonged WRT,
the maintain of summer thermal stratiﬁcation (Bonnet et al.,
2000), and the provoke of additional species occurrences towards
downstream (Sabart et al., 2009).
4.2. Functional river zones along nutrient ratio gradients
Several studies were published on the understanding of
nutrient limitation of algae (Tilman et al., 1982; Hecky and Kilham,
1988), species competition for nutrients (Sommer,1983, 1986), and
to identify resource requirements of taxa. Even if several studies
showed that both N and P can limit benthic algal growth in streams
(Billen et al., 1994; Stevenson, 2009; Stevenson et al., 2006, 2012),
nutrients are rarely expected to be a limiting factor for
potamoplankton (Reynolds and Descy, 1996). Besides nutrient
concentrations, changes in their ratio might also able to generate
community shifts, if any of these resources is limiting (Reynolds,
2006; Naselli-Flores and Barone, 2011).
In the recent years, total P concentration has tended to decline
in the River Loire, and in some cases, possibly limit algal growth
(Oudin et al., 2009). On the contrary, nitrate does not show such a
clear tendency (Minaudo et al., 2013), but its attenuated seasonal
oscillation might be a sign of decline in primary production
(Moatar and Meybeck, 2005). A possible phosphorus limitation of
phytoplankton was recently emphasized by Descy et al. (2011)
providing evidence for limited growth conditions especially for
green algae.
In our study, nutrient ratios are used to characterize regional
differences along the River Loire (see Appendix 2), where their
changes might indicate considerable modiﬁcations in either
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Loire is that P is in high availability upstream (200 to 300 km
from source) according to human pressure of large cities (Saint-
Étienne); while N increase continuously, owing to the growing
surface of agriculture, which becomes more relevant after the
conﬂuence of River Allier (Minaudo et al., 2014), and even more
further downstream (Bouraoui and Grizzetti, 2008).
In 2009, low N:P values occurred in the upper Loire [between st.
2 and st. 4–8], where at Villerest dam (st. 4), Michard et al. (1996)
concluded that any kind of manipulation which lowered this ratio
below 5 allowed Microcystis to become dominant. The lowest (<10)
N:P ratios coincided with cluster K2, and cluster R4, both of them
containing eutrophic, limnophilic cyanobacteria. Even if the
lowered N:P ratio and the potamoplankton composition cannot
be directly related here, only the FG classiﬁcation could display and
separate this area based on functional composition (coda P, M).
Besides physical reasons explained, this regional summer occur-
rence of low N:P ratio might be indicative for the whole section,
being either explanatory or a consequence for the potamoplankton
composition (Xie et al., 2003). The very distinct location of this low
N:P ratio seems to delimit cyanobacterial blooms exceptionally in
this upper Loire section, might be providing only the possibility for
downstream transport, in contrast to recent ﬁndings at the middle
Loire (Larroudé et al., 2013).
In general, higher N:P ratios (>200) were observed simulta-
neously with higher speciﬁc discharge, coupling hydrology and
the unequivocal consequence of agriculture practices in the
basin (Bouraoui and Grizzetti, 2008; Minaudo et al., 2013).
Between the three functional approaches, only FGs provide
trophic relationships and were characterized by mainly meso-
eutrophic taxa (coda B, C in R2; and codon D in R3). Decrease of
centric cell size might be also an indicator of nutrient change, as
reduced N:P ratio was already found to select for smaller
centrics in lake ecosystems (Winder et al., 2009). However,
regional differences in potamoplankton composition might only
partly indicate the composition of nutrients, as the geological
setting impacts agriculture, as well as determine hydrology; thus
hydrology-determined composition only co-occur with similar
regional scale differences, similarly to found in case of benthic
diatoms (Rimet, 2009).
Besides N and P, silica is also a key nutrient in shaping
phytoplankton composition (Sommer, 1988). In this study, Si to P
ratio had considerable spatio-temporal changes in the River Loire
(see Appendix 2). As silica takes a much longer regeneration time
then either N or P (Sommer,1988; Padisák et al., 2003), its temporal
and spatial relationship to P might be even more appropriate
indicator of changes in chemical constraints than N:P ratio. Lower
Si:P values, however, coincided with lower N:P ratio upstream; in
other cases, it occurred exceptionally at the middle Loire (st. 10 to
st. 14) during the prevalence of spring centric bloom (S3, R2). SOM
clusters representing remarkable differences in Si:P ratio were
evidenced only based on the FG classiﬁcation: (i) R1, reﬂecting a
naturally high Si:P ratio of highland areas during ﬂood, might be
indicating a still lowered spring retention of dams, indicated by the
dominance of benthic diatom in composition; (ii) R4, at the upper
dam area in late summer (coda P, M). Some upstream planktonic
taxa (Fragilaria crotonensis, Asterionella formosa, Ulnaria delicatis-
sima var. angustissima) showed dominance at high (>100) Si:P ratio.
A possible explanation for these taxa distribution is once again the
functioning of dams. Their presence explain the decreased Si
content by the intensiﬁed sedimentation rate related to prolonged
water retention time (Humborg et al., 2000; McGinnis et al., 2006)
– in our case by lowered speciﬁc discharge at high altitude – and
also provide explication for the presence of good limnophilic Si
competitors such as Fragilaria crotonensis. The low Si:P ratio,
besides Si retention, might be also inﬂuenced by the increased Plevel in this upper Loire (Minaudo et al., 2013; Minaudo et al.,
2014), which nutrient distribution seems to be human controlled
according to dams' outﬂow (Abonyi et al., 2012). In other cases, if
nutrient depletion or its ratios could not be able to generate any
compositional change, hydrology-based physical processes like
sedimentation (Ha et al., 2002), or biological processes like new
invaders (Floury et al., 2013; Pigneur et al., 2013) might became the
driving forces for potamoplankton compositional change in all
river stretches.
4.3. Functional approaches in water quality management
Besides theoretical overlaps between the three approaches
studied (see Appendix 3), some advantages and disadvantages in
river water quality management can be traced. Our results
indicated the need for a ﬁne functional resolution of pennate
diatoms for reliable ecological surveys at a whole river scale. This
might open a research ﬁeld towards new benthic functional
concepts like ecological guilds (Rimet and Bouchez, 2011; Stenger-
Kovács et al., 2013), and their future inclusion into functional
approaches, especially in the ﬁelds of potamoplankton ecology and
river ecological status assessment.
The relevance of meso-eutrophic, limnophilic diatoms (codon
P) in rivers indicating human impacts like damming evidences that
neither only size pools of pennate diatoms (Salmaso and Padisák,
2007) nor the separation of large chain forming taxa (Tolotti et al.,
2012) are satisfactory in rivers. In the River Loire, for example,
potamoplankton contains taxa from both benthic (Fragilaria
construens) and planktonic habitats (F. crotonensis), thus reﬂecting
opposite environmental conditions.
Cyanobacteria are one of the most relevant components of water
quality monitoring programs. Their dominance, however, only
occasionally occurs in the River Loire; and is restricted to the upper
two Loire dams (Michard et al., 1996; Bonnet and Poulin, 2002;
Latour et al., 2004). Exclusively the FG classiﬁcation separated these
upstream stations (st. 2: Grangent, st. 4: Villerest) in one “clear”
reservoir related cluster (R4). These assemblages from codon P and
M might be afﬁrming the relevance of a new functional group: LR,
recently described for reservoirs by Hu and Xiao (2012).
According to our results, for river ecosystems, no satisfactory
water quality management can be built based on functional
approaches without ﬁne taxonomical and ecological resolution of
benthic and planctonic diatoms, as well as of cyanobacteria.
Additionally, results from this Loire monitoring may emphasize
the importance of temporal resolution of potamoplankton data in
ecological researches and managements. As the composition of
river phytoplankton highly depends on physical interactions
(Reynolds et al., 1994; Reynolds, 2003), hydro-meteorological
events may inﬂuence data representativeness according to speciﬁc
environmental conditions, which effect should be taken into
account. Autumn towards winter potamoplankton assemblages
tended to display no major shifts in the functional composition
along the Loireas a consequence of homogenisation among
habitats by increasing discharge (Reynolds and Descy, 1996; Descy
et al., 2011). However, the spring to late summer period sustained
at least four major shifts, while this period is the most affected by
diverse hydro-meteorological conditions. Weekly to once a month
sampling frequency is suggested in large rivers using taxa level
resolution (Kiss et al., 1996), but based on functional group
composition, once a month sampling seemed to be adequate, but
during the whole vegetation period. Different sampling designs,
however, might be deﬁned according to regional location of each
sampling station, as well as to speciﬁc local inﬂuential factors. A
general four sampling per year strategyinternational protocol is
still being discussedmay not provide satisfactory results in all
cases, and a more frequent sampling at few representative river
20 A. Abonyi et al. / Ecological Indicators 46 (2014) 11–22sections should be privileged in ecology-based potamoplankton
monitoring.
5. Conclusion
Functional composition of potamoplankton based on different
approaches made possible to describe river zonation along the
largest, lowland Continental Atlantic River Loire. These river zones
were relevant for each functional system, but at different
organization level. While the most general approach of morphol-
ogy-based functional groups (Kruk et al., 2010) was able to indicate
only conditions being characteristic for the lowermost river
section, both systems of morpho-functional (Salmaso and Padisák,
2007) and functional groups (Reynolds et al., 2002) provided a
more detailed spatio-temporal patchiness. Here, compositional
changes among river zones coincided with the main geographical
and climatic regions even in the upper and middle river sections,
and thus potamoplankton was related to different regional
settings. Furthermore, some river zones based on the Reynolds
functional classiﬁcation co-occurred with regional differences in
the N:P and Si:P ratios, indicating that this system is a possible
ecological indicator of even human related constraints such as
damming or agriculture.
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